Abstract A novel¯ip-chip assembly technique by means of electroplating at a low processing temperature has been developed. Mesoscopic gears, made of nickel with 1500 lm in diameter and 250 lm in height, have been bonded to glass substrate. The bonding process is conducted by nickel electroplating at 50°C with a current density at 53.3 A/m 2 . The nickel electrolyte is found to penetrate about 100 lm from the perimeter to the center of the gear and form a good bond. This process can be applied to the integration of high-aspect-ratio microstructures with substrates that have pre-fabricated microelectronics massively and in parallel. As such, it provides a powerful way to achieve the integration of meso-and microscopic electromechanical systems.
Introduction
High-aspect-ratio structures have been fabricated by many methods such as LIGA, laser or micro-EDM [1±3] . Their manufacturing processes are not compatible with IC (Integrated Circuit) fabrication such that the integration of these microstructures with microelectronics has been a challenge that has hindered the advance of the ®eld. Several methods have been proposed for the device integration. For example, cold welding by using indium has been successfully demonstrated to bond HexSil [4] polysilicon structures with microelectronics but the bonding strength is weak [5] . Flip-chip bonding has been used to bond MEMS chiplets to electronics [6] on a chip to chip level but not on the device level. Polymer bump has been used as the bridge for integration [7] . However, the long term stability of polymer material is generally poor. Recently, diffusion bonding has been applied in a LIGA integration process [8] . The high temperature requirement for diffusion bonding limits potential applications.
As the manufacturing technologies of high-aspect-ratio microstructures become mature and diversi®ed, electromechanical integration will be complicated but inevitable. Therefore, a versatile integration process is attractive. This paper presents a¯ip-chip assembly technique by electroplating at a low processing temperature with good bonding strength. We believe this technology can be applied to a broad range of integration applications massively and in parallel.
Bonding process
In order to demonstrate the concept of bonding by electroplating, a simple experimental setup is designed as shown in Fig. 1 . The glass substrate at the bottom is used as the``microelectronic substrate'' and the second glass substrate on the top acts as the ®nished``LIGA substrate'' that has microstructures attached to it. A Cr/Au layer of 500/2000 A Ê in thickness is deposited as the seed layer on the microelectronics substrate. Mesoscopic gears fabricated by the LIGA process [1] are then placed on top of the microelectronics substrate and the LIGA substrate is put on top of the gears as shown in Fig. 1a . The whole assembly is then put into nickel electrolyte that has been added with a wetting agent to reduce the surface tension of the liquid [9] . Electroplating process is conducted at 50°C with current density of 53.3 A/m 2 . Figure 1b applies after 80 min of the electroplating process. A layer of nickel is deposited on the microelectronics substrate with a thickness of about 2 lm.
Excessive deposition is found on the side-walls of the gear as well as on the perimeter of both top and bottom interfaces of the gear and glass substrates. The bonding strip, due to excessive nickel deposition, is formed between the bottom surface of the gear and microelectronics substrate. The bonding strip on the top surface of the gear forms a weak bond to the LIGA substrate such that the glass can be easily removed as shown in Fig. 1c . If a real LIGA substrate is used, the seed layer of copper used to connect the microstructure and LIGA substrate can be selectively etched away to complete the process [10].
Experimental results
Two gears, 1500 lm in diameter, are separated 10 mm apart during the parallel bonding process via electroplat-
ing. After 80 min, both of them are bonded to a glass substrate as shown in Fig. 2 . The bonding strength is strong and both gears remain intact with the substrate after repetitively poking them by using probes on a probe-station. Figure 3 shows the close view SEM micrograph of one gear. The newly-deposited nickel can be barely seen at the top of the gear as well as the interface between the gear and the In an effort to optimize the bonding process, four gears are bonded to substrates with processing time of 20, 40, 60 and 80 min. Figures 4±7 show bonding interfaces at the end of these experiments, respectively. After the ®rst 20 min, small nickel grains are seen on the side-wall as shown in Fig. 4 . The surface becomes rougher than those newly-fabricated LIGA microstructures. Furthermore, nickel is observed to grow faster at the sharp edges of gears due to stronger electrical ®eld. After 40 min, the surface becomes rougher as shown in Fig. 5 . Nickel deposition on the bottom of gear begins to merge with nickel deposition from the substrate. At the end of 60 min, the merge of nickel deposition is stronger and the side wall seems to regain the smoothness as seen in Fig. 6 . At the completion of the bonding process after 80 min, Fig. 7 applies. The bottom of the gear teeth has a ring-shape structure with diameter of about 5 lm and the side-wall surface is relatively¯at. The newly-deposited nickel is estimated to have a thickness of about 2 lm.
Discussions
In order to examine the bonding strength, the bonded structures were pulled off the substrate by tweezers. Figures 8 and 9 are the gear and the peeled-off glass substrate under SEM, respectively. The electroplating technique appears to provide a stronger bond than the adhesion force between the seed layer of chromium to the glass wafer such that some of the seed layer were peeled off. Figure 8 also reveals that the good bonding area is limited to about a 100 lm-wide strip along the perimeter of the gear and the rest of the surface did not have a complete bond. By conducting a pro®le scan on the surface of Fig. 9 , it is found that the thickness of newly-deposited nickel is about 2 lm on top of the gold layer. After removing all the nickel layer by immersing the glass substrate in nickel etchant for 30 min, the shining color of gold shows up again in Fig. 10 . Therefore, it can be concluded that the messy surface in Fig. 9 is caused by residual nickel.
Many factors will affect the size of the bonding strip in the bonding process, including the surface roughness at the bottom of the gear, diffusivity and concentration of nickel electrolyte, and current density in the electroplating process. Rough surface, high diffusivity and concentration of nickel electrolyte, and low current density will assist the diffusion of ion and help increasing the width of the bonding strip. It is believed that these steps will increase the bonding strength. The pulse plating technique [11] may be used to help the ion diffusion process for better penetration and to improve the bonding strength.
It appears that nickel has dif®culty to bond with glass such that no bonding can be identi®ed on the top surface. However, electroplating does occur at the top surface, especially for places that have sharp edges. Shown in Fig. 11 is the excessive deposition at the top surface of the gear. This unwanted deposition sometimes covers a great portion of the space between two gear teeth. This problem may be solved if the ion diffusion process into the gaps between the LIGA gear and the top glass substrate is limited or a true LIGA substrate is used [10] .
Conclusions
The concept of¯ip-chip LIGA assembly via electroplating is introduced and demonstrated. Experimental results show that strong bonding is achieved by pressing two conductive surfaces together while the electroplating process is conducted. The optimal processing time is found at about 80 min for nickel electrolyte under a current density at 53.3 A/m 2 to bond LIGA gears with Cr/Au seed layer on a¯at glass substrate. During the bonding process, a 2 lm thick, new nickel layer is deposited. The bonding is formed on a 100 lm-wide doughnut-shape strip at the interface of the gear and microelectronics substrate from the outside edge of the gear toward the center. It is concluded that rough surface, high diffusivity of nickel electrolyte and low current density will help the bonding process. This new technique is expected to provide an alternative way in the massively parallel integration of LIGA structures and microelectronics.
